Abstract. MicroRNAs (miRNAs) serve an important regulatory role in carcinogenesis and cancer progression. Aberrant expression of miR-197-3p has been reported in various human malignancies. However, the role of miR-197-3p in the progression and prognosis of hepatocellular carcinoma (HCC) remains unknown. The present study demonstrated that miR-197-3p was downregulated in HCC tissues and that the low level of miR-197-3p expression in HCC tumours correlated with aggressive clinicopathological characteristics; thus, miR-197-3p may serve as a predictor for poor prognosis in patients with HCC. Additionally, miR-197-3p markedly inhibited the metastasis of HCC cells in vitro and in vivo. Bioinformatics analysis further identified zinc finger protein interacted with K protein 1 (ZIK1) as a novel target of miR-197-3p in HCC cells. These findings suggest that miR-197-3p may regulate the survival of HCC cells, partially through the downregulation of ZIK1. Therefore, the miR-197-3p/ZIK1 axis may serve as a novel therapeutic target in patients with HCC.
Introduction
Hepatocellular carcinoma (HCC) is the third most common cause of cancer-associated mortality worldwide, and the highest numbers of HCC cases have been detected in Asia and Africa (1, 2) . The long-term prognosis of HCC remains unsatisfactory, as indicated by a low overall survival rate of 22-35% over the last 10 years (3). Since hepatocarcinogenesis involves numerous oncogenes and tumour suppressor genes (4), the molecular carcinogenic mechanisms and the pathogenic biology of HCC have become an issue of great interest (5, 6) .
MicroRNAs (miRNAs), highly conserved small non-coding RNAs of 19-25 nucleotides, are known to regulate numerous protein-coding genes (7, 8) . By binding directly to the 3' untranslated regions (3' UTR) of target mRNAs, miRNAs may cause posttranscriptional repression of protein synthesis, leading to deadenylation and subsequent mRNA degradation and/or translational inhibition (9, 10) . A number of miRNAs have been implicated in various cellular processes including apoptosis, cell proliferation, differentiation, stem cell renewal, stress responses and metabolism (11) (12) (13) (14) (15) . Their marked impact on the regulation of carcinogenesis and tumour suppression indicates that the aberration and regulation of the miRNA biogenesis pathway may contribute to human diseases, including cancer (8, 16, 17) .
In a previous study it was identified that the expression of the miR-197-3p was markedly decreased in HCC compared with the corresponding adjacent non-tumour samples. Additionally, previous studies indicate that miR-197-3p is of great interest in cancer therapy due to its association with various malignancies, including bladder (18) and thyroid cancer (19) . The present study demonstrated that low miR-197-3p expression in HCC tissues correlated with poor patient prognosis; thus the focus of the study centred on the roles and corresponding mechanisms of miR-197-3p in the progression of HCC.
Materials and methods
Cell lines and culture. Human hepatocellular carcinoma cell lines (Huh7, HCC-LM3, and Hep3B) and a hepatocellular cell line (THLE-3) were purchased from the Cell Resource RNA extraction and RT-qPCR. Total RNA from tissues or cells was extracted using the miRNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's protocol. mRNA and miRNA were reverse-transcribed from total RNA using the Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. cDNA was amplified and quantified on a CFX96 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using iQ SYBR Green (Bio-Rad Laboratories, Inc.). U6 or GAPDH were used as endogenous controls. Primers for miR-197-3p expression analysis were as follows: miR-197-3p forward, 5'-CAC CAC CTT CTC CAC CCA-3', and reverse, 5'-GGG ACT GGA CTT GGA GTC-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3', and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. Primers for epithelial mesenchymal transition (EMT) analysis were as follows: E-cadherin forward, 5 '-TAC ACT GCC CAG GAG CCA GA-3', and reverse, 5'-TGG  CAC CAG TGT CCG GAT TA-3'; N-cadherin forward, 5'-TCA  GGC GTC TGT AGA GGC TT-3' , and reverse, 5'-ATG CAC ATC  CTT CGA TAA GAC TG-3'; Vimentin forward, 5'-GAC GCC  ATC AAC ACC GAG TT-3' , and reverse, 5'-CTT TGT CGT TGG  TTA GCT GGT-3'; GAPDH forward, 5'-TGT GGG CAT CAA  TGG ATT TGG-3', and reverse, 5'-ACA CCA TGT ATT CCG  GGT CAA T-3' . Relative fold expressions were calculated via the comparative quantification cycle (2 -ΔΔCq ) method (23) . Mature miR-197-3p expression was detected using a TaqMan miRNA assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The RNU6B gene was used as a normalization control. All experiments were performed three times in duplicate. The GAPDH gene was used as an internal control. qPCR was conducted using the following conditions: 30 cycles consisting of denaturation at 94˚C for 30 sec, annealing at 56˚C (58˚C for GAPDH) for 30 sec, and extension at 72˚C for 30 sec.
MicroRNA-197-3p acts as a prognostic marker and inhibits cell invasion in hepatocellular carcinoma
Wound healing migration assay. Wound healing migration assays were performed as described previously (24) . Briefly, 1x10 5 cells were plated in each well of a 6-well plate. Once attached, cells were scraped to form a wound in the middle of the plate, and the medium was replaced with serum-free medium. Cells were incubated for 36 h in a humidified atmosphere containing 5% CO 2 at 37˚C, prior to the measurement of migration across the wound line.
Cellular migration and invasion assays. Cellular migration and invasion were assessed using Transwell chambers with a pore size of 8 µm (Corning Inc., Corning, NY, USA). Following transfection for 48 h, 5x10 4 transfected cells in 300 µl medium without FBS were seeded into the upper chamber, while 500 µl medium supplemented with 20% FBS was placed into the lower chamber. For the Matrigel invasion assay, the Transwell chamber was coated with Matrigel (BD Biosciences, San Jose, CA, USA). A total of 5x10 4 transfected cells in 300 µl medium without FBS were seeded into the upper chamber of the Transwell, while 500 µl medium supplemented with 20% FBS was placed into the lower chamber. Cells were incubated at 37˚C for a further 24 h for the migration assay and 48 h for the invasion assay. In the two assays, the cells were fixed with 100% methanol for 5 min (Beyotime Institute of Biotechnology, Haimen, China) and stained with 0.5% crystal violet (Beyotime Institute of Biotechnology) for 5 min. Subsequently, cells remaining on the upper surface of the membranes were removed carefully using cotton swabs. The migrated and invaded cells were then counted in five randomly selected fields with an inverted microscope (magnification, x200). Each experiment was repeated three times.
Synthetic RNA oligonucleotides and transient transfection.
The predicted binding sites between miR-197-3p and zinc finger protein interacted with K protein 1 (ZIK1) were obtained using TargetScan Human online software 7.1 (http://www. targetscan.org/vert_71/). miRNA inhibitors, mimics and an miRNA negative control (NC) were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The 5'-3' sequences of the three miRNAs were as follows: Mimics, CGG GUA GAG AGG GCA GUG GGA GG and UUC ACC ACC UUC UCC ACC CAG C; inhibitor, AAG UGG UGG AAG AGG UGG GUC G; and NC, CAG UAC UUU UGU GUA GUA CAA. ZIK1 overexpression vectors and the NC vector were obtained from Shanghai GeneChem Co., Ltd. Cells were seeded at 1-1.5x10 5 /well in a 6-well plate, and transiently transfected with miRNAs (5 µg/well) using JetPrime ® (Polyplus-transfection SA, Illkirch, France), according to the manufacturer's protocol. The cells were collected for analysis 48 h post-transfection.
Cell proliferation assay. Cell proliferation was measured using a Cell Counting Kit-8 (CCK-8) assay (Sangon Biotech, Co., Ltd., Shanghai, China). A total of 48 h post-transfection, 3x10
3 cells/well were seeded into a 96-well plate. The CCK-8 reagent was added 72 h post-seeding, and optical density was measured using a microplate reader at 450 nm.
Western blotting analysis. Cells were lysed with ice-cold lysis buffer supplemented with protease inhibitor cocktail (Pierce; Thermo Fisher Scientific, Inc.). Total protein concentration was determined using the Enhanced BCA Protein Assay kit (Beyotime Institute of Biotechnology). Protein samples (20 µg) were separated on a 10% SDS-PAGE gel and then transferred to a polyvinylidene fluoride membrane (Roche Diagnostics GmbH, Mannheim, Germany). Following blocking with 5% skimmed milk at room temperature for 2 h, the membranes were incubated overnight at 4˚C with rabbit anti-human ZIK1 monoclonal primary antibody (1:1,000; Abcam, Cambridge, UK; cat. no. 107918) and mouse anti-human β-actin monoclonal primary antibody (1:1,000; Abcam; cat. no. 8226) primary antibodies. Subsequently, the membranes were incubated with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:3,000; Abcam; cat. no. ab6789) for 1 h at room temperature. The membranes were visualized with Super Signal West Pico Chemiluminescent Substrate kit (Pierce; Thermo Fisher Scientific, Inc.). β-actin was used as a loading control. The Lab Works Image Acquisition and Analysis Software (version 7.0; UVP, LLC, Phoenix, AZ, USA) was used to quantify the band intensities.
Luciferase activity assay. The 3' UTR of ZIK1 was amplified and cloned downstream of the pGL3/Luciferase (Luc) vector (Shanghai GenePharma Co., Ltd.). The mutant 3' UTR of ZIK1 was amplified using the pGL3/Luc-ZIK1 3' UTR as the template and was cloned downstream of the pGL3/Luc vector. For the luciferase reporter assay, either 100 nM of miR-197-3p mimic or control and 2 µg pGL3/Luc-ZIK1 3' UTR or the mutant 3' UTR, in addition to the controls, were co-transfected into HCCLM3 cells at 70% confluence using Lipofectamine ® 2000 reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. At 48 h post-transfection, the cells were lysed using radioimmunoprecipitation assay buffer (cat. no. P0013C; Beyotime Institute of Biotechnology, China) according to the manufacturer's protocol. Luciferase intensity was measured using an F-4500 Fluorescence Spectrophotometer (Hitachi, Ltd., Tokyo, Japan) and normalized to that of Renilla luciferase, according to the manufacturer's protocol.
Cell proliferation (MTT) assay. HCCLM3 cells transfected with miR-197-3p mimics or control and with the miR-197-3p inhibitor or control were plated into 96-well plates at a density of 5x10 4 cells/well, under 5% CO 2 at 37˚C for 48 h. Following incubation for 24, 48 or 72 h, the culture plates were incubated with 20 µl of MTT/well in 100 µl medium at a final concentration of 5 mg/ml for a further 4 h. The culture plates were centrifuged at 2,000 x g for 5 min at room temperature. The supernatant was carefully removed, and 100 µl dimethyl sulfoxide was added to each well to end the reaction. Blue-violet formazan particles were dissolved for ~10 min in the dark at 25˚C. The absorbance at 570 nm was detected using a Quant Universal microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). The experiment was repeated three times.
Statistical analysis. All values are presented as the mean ± standard deviation. Significant differences were determined using GraphPad 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The difference between the HCC tissues and their corresponding adjacent non-tumour samples was analysed for statistical significance using the paired Student's t-test. Student's t-test was used to determine significant differences between two groups. One-way analysis of variance (ANOVA) was used to determine significant differences between multiple testing. Student-Newman-Keuls test was used as a post hoc test following ANOVA. The χ 2 test was used to analyse the association between miR-197-3p expression and clinicopathological characteristics. Survival curves were plotted using the Kaplan-Meier method and were compared via the log-rank test. P<0.05 was considered to indicate a statistically significant difference. To collect dependent variables, multivariate regression analysis was conducted using the significant variables identified in the univariate regression analysis. All experiments were repeated three times.
Results

Expression of miR-197-3p is markedly downregulated in HCC.
To investigate the expression and clinical significance of miR-197-3p in HCC, the expression of miR-197-3p in HCC cell lines was examined. Decreased miR-197-3p expression was observed in the HCC cells, compared with the normal liver cells (Fig. 1A) . The expression of miR-197-3p was detected in a total of 197 paired primary HCC tissues and their corresponding adjacent non-tumour samples. RT-qPCR indicated that the average expression level of miR-197-3p was significantly lower in the cancerous tissues compared with that in the adjacent non-cancerous tissues ( Fig. 1B; P<0.001) . Moreover, the miR-197-3p expression declined in HCC patients with larger tumours (>5 cm), a higher α-fetoprotein (AFP) serum level (>20 ng/ml), vascular invasion and early recurrence (Fig. 1C-F) .
Association between miR-197-3p expression and clinicopathological characteristics. To evaluate the correlations between miR-197-3p and the selected clinicopathological variables, the cohort of 197 patients were divided into subgroups with low and high miR-197-3p expression. The median value of miR-197-3p expression in all 197 cases was selected as the cut-off value. Consistent with the criteria above, the correlation of miR-197-3p expression with clinicopathological characteristics and the prognosis of HCC were analysed. As presented in Table I , the lo expression group was associated with higher AFP levels (≥20 µg/l; P<0.001), larger tumour size (≥5 cm; P=0.012), multiple tumours (n≥2; P<0.001), absence of capsule (P<0.001) and vascular invasion (P=0.013).
Association between miR-197-3p expression and HCC prognosis. The association between miR-197-3p expression and the prognosis of patients with HCC following hepatectomy was further analysed. It was determined that the group with low miR-197-3p expression exhibited significantly poorer relapse-free survival (RFS) (P<0.001; Fig. 2A ) and poorer overall survival (OS) (P<0.001; Fig. 2B ). Previous studies indicated that AFP-negative patients (AFP serum level <20 µg/l) are generally considered to have a better prognosis (25,26) ; nevertheless, many of these patients exhibit early recurrence and poor OS. Therefore, a precise biomarker is required to predict the prognosis of AFP-negative patients. Subgroup analysis revealed that among the 122 AFP-negative patients (AFP serum level <20 µg/l), the difference in RFS and OS remained between the high-and low-expression groups (P=0.0011 and P=0.0013, respectively; Fig. 2C and D) . Further analysis indicated that of the 121 patients with tumour size <5 cm, the group with low miR-197-3p expression exhibited significantly poorer RFS and OS (P<0.001; Fig. 2E and F, respectively) . Univariate analysis indicated that among the clinicopathological characteristics, RFS was associated with the miR-197-3p expression level, presence of the hepatitis B virus surface antigen, tumour size, tumour number, absence of capsule, vascular invasion, TNM stage and BCLC stage, whilst the OS was associated with the miR-197-3p expression level, tumour size, tumour number, absence of capsule, vascular invasion, TNM stage and BCLC stage (Table II) . Furthermore, multivariate Cox regression analysis revealed that independent risk factors for HCC recurrence and survival included the miR-197-3p expression level, tumour size, tumour number and vascular invasion, while those for the OS in patients with HCC included the miR-197-3p expression level, tumour size, tumour number, absence of capsule and vascular invasion (Table III) . Based on the above results, it may be concluded that the expression level of miR-197-3p may be adopted as an independent factor for predicting the prognosis of HCC.
Inhibitory effects of miR-197-3p on the metastasis and invasion of HCC cells in vitro.
To functionally characterise miR-197-3p in HCC, HCCLM3 cells were selected for a gain-of-function and loss-of-function study. To this end, miR-197-3p stably-overexpressing HCC-LM3-Mimic, and stably downregulated HCC-LM3-Inhibitor cells were generated; the difference in the miR-197-3p expression levels was detected via RT-qPCR ( Fig. 3A and B) . The MTT assay revealed that miR-197-3p did not affect the growth of HCC cells (Fig. 3C and D) . In the wound-healing migration assay, microscopic examination at 0 and 24 h revealed that HCC-LM3-Inhibitor cell migration was significantly enhanced compared with HCC-LM3-NC cell migration (P<0.001; Fig. 4A ). By contrast, HCC-LM3-Mimic cell migration was significantly delayed compared with HCC-LM3-NC cell migration and invasiveness (P<0.001; Fig. 4B ). The Transwell assay also revealed that the HCC-LM3-Inhibitor cells displayed increased migration and invasiveness, compared with the other cell types, whereas the HCC-LM3-Mimic cells displayed decreased migration and invasiveness compared with the other cell types (Fig. 4C and D) . These data indicated that miR-197-3p may promote HCC cell metastasis in vitro.
Direct binding of miR-197-3p to the 3' UTR of ZIK1.
To investigate the molecular mechanisms underlying the miR-197-3p-mediated decrease in HCC metastasis, the involvement of miR-197-3p in manipulating EMT was assessed, which is regarded as a key process underlying cell metastasis. It was observed that miR-197-3p exhibited no significant effect on the expression levels of EMT-associated genes including E-cadherin, N-cadherin, and vimentin (Fig. 5) . To identify the genes potentially involved in Table I . Clinical characteristics of 197 patients with hepatocellular carcinoma, according to miR-197-3p expression levels. enhancing miR-197-3p expression in HCC cell metastasis, TargetScan was used to predict the genes that miR-197-3p may target. A putative miR-197-3p-binding site was identified within the 3'UTR of ZIK1 (Fig. 6A) , and a luciferase reporter assay was used to validate whether ZIK1 was a direct target of miR-197-3p. wild-type (WT) and mutant (MUT) versions of the ZIK1 3' UTR, the latter containing site-directed mutations in the putative miR-197-3p target sites, were cloned into reporter plasmids. The miR-197-3p overexpression markedly suppressed luciferase activity from the wild-type, though not the mutant reporter. This suggested that the 3' UTR of ZIK1 was targeted by miR-197-3p, and that the point mutations in this sequence abolished this effect in HCCLM3 (Fig. 6B) . In addition, the protein expression levels of ZIK1 were markedly reduced following miR-197-3p overexpression, while the protein expression level of ZIK1 was increased following miR-197-3p knockdown in HCCLM3 cells (Fig. 6D) . By contrast, no significant differences were observed in the ZIK1 mRNA expression levels (Fig. 6C) . These results indicated that miR-197-3p may suppress ZIK1 expression through translational repression.
miR-197-3p ---------------------------------
To determine whether the ZIK1 gene is required for the effect of miR-197-3p on HCC cell metastasis, ectopic overexpression of ZIK1 was performed to conduct functional studies in HCCLM3 cells (Fig. 6E) . The migration and invasion capacities in HCC cells overexpressing ZIK1 were significantly inhibited, while overexpression of ZIK1 abolished the effect of miR-197-3p on migration and invasion of HCC cells (Fig. 6E) . Therefore, overexpression of ZIK1 abolished the effects of miR-197-3p on specific HCC cell phenotypes.
Discussion
Although numerous growth factors, oncogenes and tumour suppressor genes have been associated with hepatocarcinogenesis (27, 28) , the molecular mechanisms and the pathogenic Table II . Univariable analysis for RFS and OS. Table III . Multivariable analysis of RFS and OS in patients with hepatocellular carcinoma. biology of HCC remain unclear. In addition to reports that miRNAs participates in the regulation of almost every cellular process investigated to date, there have been reports that they are involved in the pathogenesis of HCC (29, 30) . miR-197-3p was recognized as an oncogene in prostate cancer (31) ; however, the characterisation of miR-197-3p in HCC and its association with cancer progression and development remain largely unknown. In the present study, miR-197-3p was downregulated in HCC tumour tissues and HCC cell lines. miR-197-3p downregulation correlated with higher AFP levels (≥20 µg/l), larger tumour sizes (≥5 cm), multiple tumours (n ≥2), absence of capsule and vascular invasion. AFP is a well-established diagnostic biomarker in the screening of HCC (32) (33) (34) (35) ; an online literature search revealed that the positive rate of AFP in HCC patients was reportedly between 50 (36) and 53% (37) . which declines to 47% for patients with small hepatocellular carcinoma (38) . In the present study, 61% of the patients were in the early stages of HCC (TNM stage I or II), and many had a small tumour volume; therefore, the incidence of AFP appeared to be lower compared with that in other reports. The correlation between the expression of miR-197-3p and AFP levels indicated that miR-197-3p may be a potential biomarker in HCC diagnosis. Additionally, its association with tumour number and size, presence of capsule and vascular invasion suggests a potential role of miR-197-3p in HCC.
MicroRNAs can function as tumour suppressors or oncogenes by targeting their respectively associated genes (39, 40) . miR-197-3p targets that may contribute to miR-197-3p-mediated inhibition of cell metastasis in HCC were further investigated. Using TargetScan bioinformatics, the ZIK1 gene was potentially identified as a direct target for miR-197-3p. ZIK1 was first proposed as a transcriptional repressor that binds to the nuclear ribonucleoprotein particle K protein (41) , and was subsequently identified by methylation sensitive representational difference analysis as being hypermethylated in the intestinal metaplasia of the stomach (42) . In support of this finding, Mihara et al (43) reported that ZIK1 is hypermethylated in 100% of human gastric intestinal metaplasia samples, which suggests that epigenetic silencing of ZIK1 may contribute to the pathogenesis of gastric neoplasia. The expression levels of ZIK1 are also reportedly associated with the progression of renal cell carcinoma (44) , diffuse large B-cell lymphoma (45) , oesophageal cancer (46) and colorectal cancer (47,48); Borinstein et al (48) assessed the role of aberrant DNA methylation in the azoxymethane rodent model of colon cancer and revealed that ZIK1 displayed aberrant DNA methylation in the tumours that were absent or present at a low frequency in the normal colon, which suggested that ZIK1 may serve an important role in the transformation of gastrointestinal mucosal cells Moreover, ZIK1 was significantly upregulated in cluster of differentiation (CD) 133 + colorectal carcinoma cells compared with their CD133 -counterpart. CD133 expression, which identified a considerable population of tumour-initiating cells in colorectal cancer, reportedly correlated with tumour metastasis (47) . The level of ZIK1 expression was also higher in renal cell carcinoma compared with the normal kidney (44) . However, despite the fact that it is a zinc finger protein and a potential transcription factor, little is known of its function. The present study verified that miR-197-3p directly targets ZIK1 by interacting with its 3'UTR, indicating that miR-197-3p may suppress HCC cell metastasis, in part by targeting ZIK1.
In conclusion, the present study indicated that miR-197-3p expression was frequently decreased in HCC tumour tissues, and it may serve as a prognostic biomarker in patients with HCC. The results indicated that miR-197-3p may inhibit HCC cell metastasis by directly suppressing the expression of ZIK1, which not only sheds new light on HCC progression and metastasis, but provides a potential target for cancer prevention and treatment.
